Abstract Poly(vinylidene fluoride) electrospun membranes have been prepared with different NaY zeolite contents up to 32 wt%. Inclusion of zeolites induces an increase of average fiber size from *200 nm in the pure polymer up to *500 nm in the composite with 16 wt% zeolite content. For higher filler contents, a wider distribution of fibers occurs leading to a broader size distribution between the previous fiber size values. Hydrophobicity of the membranes increases from *1158 water contact angle to *1288 with the addition of the filler and is independent on filler content, indicating a wrapping of the zeolite by the polymer. The water contact angle further increases with fiber alignment up to *137°. Electrospun membranes are formed with *80 % of the polymer crystalline phase in the electroactive b phase, independently on the electrospinning processing conditions or filler content. Viability of MC3T3-E1 cells on the composite membranes after 72 h of cell culture indicates the suitability of the membranes for tissue engineering applications.
Introduction
Interest on the electroactive properties of polymers is steadily increasing based on their ability to react to forces and voltages by providing an electrical response or change in shape, respectively, combined with lightweight, simple processability, and good chemical resistance [1] . Applications include traditionally the areas of sensors and actuators and, most recently, the areas of energy generation and storage and the biomedical field, including tissue engineering and drug delivery [2, 3] . Poly(vinylidene fluoride) is still the polymer with the largest electroactive response among polymers and is also biocompatible [1] . PVDF is a semicrystalline polymer known for its polymorphism. It can be found in four crystalline structures (a, b, c and d) depending on the processing conditions, being the b-phase the one with the highest piezo-, pyro-, and ferroelectric properties due to its ''all-trans'' planar zig-zag configuration (TTT), which confers to the b-phase the highest resulting dipole moment per unit cell [1] . The c-phase, with a T 3 GT 3 G 0 chain conformation, shows a lower piezoelectric response than the b-phase, and the a-phase, with a TGTG 0 chain conformation, does not show piezoelectric response, being the most commonly obtained polymer phase when the material is cooled from the melt [4, 5] . The b-phase is typically obtained from mechanical drawing of a-phase material at temperatures above 80°C and high polymer deformations or from solution crystallization at temperatures below 60°C [5, 6] , hindering the mechanical properties of the material. At temperatures above 120°C, polymer crystallization occurs in the a-phase. Within this temperature range, a co-existence of b-and a-phases is observed [7] .
In order to tailor PVDF properties for specific applications, it has been used as a basis for composite development. Different fillers have been added to the PVDF polymer matrix such as barium titanate [8] , leadzinconate-titanate [8] , and ferrites [9] , among others, in order to enhance the dielectric and piezoelectric responses and/or to introduce magnetic and magnetoelectric response, respectively. A less used and very promising filler for electroactive materials is zeolites, microporous crystalline aluminosilicates formed by the combination of tetrahedral [AlO 4 ] -5 and [SiO 4 ] -4 primary building units, which form channels and cavities with sizes in the range of molecular dimensions [10] . The zeolites framework shows negative charge that is compensated by cations present on their cages and channels [11] . Due to these characteristics, zeolites are used in catalysis [10] , filtration/absorption [12, 13] , and ion exchange applications [14] . Their combination with PVDF polymer can give rise to interesting composites for different applications [15, 16] .
In this way, it has been shown that the presence of NaY zeolite enhances the electrical response of PVDF, allowing tailoring dielectric constant and ionic conductivity [15, 17] . The presence of charges in the zeolite surface is also responsible for the crystallization of PVDF in the electroactive c-phase when prepared from the melt [18] .
Further, the control of some characteristics of the composites such as polymer porosity or zeolite ionic charge affects the surface and chemical interaction of the composites with other materials, which is of critical importance in areas such as battery separators [19] , filtration [20] , and tissue engineering, by tailoring cell-material surface interactions [21] . One of the most efficient ways to increase the surface area of composites consists on the production of microfibers by electrospinning [22] , in which the modification of the processing parameters leads to variations in electrospun fiber morphology, orientation, and diameter [23] . In this way, electrospinning can produce fibers and membranes that are able to mimic extracellular matrix (ECM) of biological tissues [24] , being increasingly important in the development of scaffolds for a variety of biomedical applications [25, 26] by allowing tailoring cell functions, adhesion, and proliferation [27] through modulation of surface electrostatic charge [28] , wettability [29] , mechanical properties [30] , and topography. The introduction of fillers in fibers can also contribute to modify bioactivity, and even biocompatibility suppression can occur. Polymer fiber composites have already been prepared including rubber composite fibers containing silver nanoparticles [31] , poly(epsilon-caprolactone) (PCL), and PVDF composites with different contents of multiwalled carbon nanotubes (MWCNTs) [32] , and ferroic oxides in poly(vinylpyrrolidone) (PVP) [33] , among others. With respect to zeolites and related fillers, they have been included in polymer fibers for a variety of applications. In particular, Y-nanozeolite has been added to PVDF for the production of nanofibers with higher hydrophilicity and catalytic activity [34] , while the introduction of the molecular sieve SBA-15 in the electroluminescent polymer MEH-PPV causes a blue shift on the polymer luminescence [35] . L zeolite with encapsulated dye molecules allows the production of fluorescent wires for optoelectronic and photonic nanodevices [36] .
The combination of electroactive PVDF polymer fibers with zeolite structures seems particularly interesting for tissue engineering and drug delivery applications due to the modification of polymer electrical and thermal properties [16] and the encapsulation efficiency of the zeolites [37] . It has been proven the biocompatibility of PVDF/NaY composite films [21] , which also promotes cell response. Further, zeolite A induces proliferation and differentiation of human osteoblast cells [38] and increases bone cell proliferation and extracellular matrix production [39] .
In this work, PVDF/NaY zeolite-filled membranes have been studied in order to tailor membrane characteristics for specific applications by determining fiber dimension of electrospun membranes and electroactive phase content dependence on processing conditions and filler content. Further, comparison between the main relevant physicochemical characteristics of the electrospun membranes and composite films, attributed mainly to the different processing conditions, is performed. Finally, the biocompatibility of the electrospun membranes is assessed.
Experimental

Materials
Poly(vinylidene fluoride) (PVDF, Solef 1010) was obtained from Solvay. The zeolite NaY (CBV100) in powder form (average size of 0.43 lm and size distribution between 0.08 and 1.04 lm) and N,N-dimethylformamide (DMF) were supplied by Zeolyst International and Merck, respectively.
Electrospun membrane preparation PVDF was dissolved in DMF at a concentration of 20 % (w/v), and the desired amount of NaY (0, 4, 16, and 32 wt %, related to the polymer content) was added to the solution and placed in an ultrasound bath for 6 h for better dispersion of the filler in the polymer solution. After this time, the solution was transferred to a magnetic stirrer until complete PVDF dissolution. The polymer solution was then placed in a plastic syringe fitted with a steel needle with a diameter of 0.5 mm. Electrospinning was conducted with an electric field in a range from 1.0 to 1.75 kV cm -1 , applied with a high voltage power supply from Glassman (model PS/ FC30P04). A syringe pump (from Syringepump) was used to feed the polymer solutions into the needle tip at a rate from 0.5 to 8 mL h -1 . Further, needles with different inner diameters were used (0.5, 1 and 1.7 mm) to evaluate their effect on fiber diameter. Electrospun fiber meshes were collected in a static aluminum plate and in a drum rotating at 750 rpm, placed at 15 cm from the needle tip. In this way, random and aligned fibers were obtained, respectively.
Film preparation
For comparison, composites films with thickness around 40-50 lm were prepared by solvent casting and melt crystallization at room temperature following the procedure presented in [16] . In short, 4 or 16 wt% of zeolite was added to 4 mL of N,N-dimethyl formamide (DMF) and placed in an ultrasound bath for 4 h. PVDF in powder form (1 g) was added to this suspension and dissolved with the help of a magnetic stirrer. After being melted at 190 or 210°C for 10 min, films were removed from the oven and cooled down at room temperature.
The pure polymer samples and polymer composites shown in Table 1 were prepared. The identification of the samples, as they will be referred all along the text, is provided in the right column.
Characterization
Electrospun fibers were coated with a thin gold layer by magnetron sputtering (Polaron, model SC502) and their morphology analyzed using a scanning electron microscopy, SEM, (Cambridge, from Leica) with an accelerating voltage of 15 kV. Fiber average diameter and distribution were calculated over approximately 50 fibers using SEM images (50009 magnification) and the Image J software. Differential scanning calorimetry measurements (DSC) were performed in a Perkin-Elmer Pyris-1 apparatus at a heating rate of 10°C min -1 . Samples for DSC studies were cut into small pieces from the middle region of the membranes and placed into 40 lL aluminum pans. All experiments were performed under a nitrogen purge.
Infrared measurements (FTIR) were performed at room temperature in a Jasco FT/IR-4100 type A Fourier transform infrared spectroscopy, with attenuated total reflectance from 4,000 to 600 cm -1
. FTIR spectra were collected after 34 scans with a resolution of 4 cm
. Contact angle measurements (sessile drop in dynamic mode) were performed at room temperature in a Data Physics OCA20 device using ultrapure water as test liquid. The contact angles were measured by depositing water drops (3 lL) on the sample surface and analyzed with SCA20 software. At least six measurements were performed in each sample in different locations, and the average contact angle was taken as the result.
Cell culture MC3T3-E1 pre-osteoblast (Riken cell bank, Japan) was cultivated in Dulbecco's modified Eagle's medium (DMEM) with 1 g/L glucose (Gibco) containing 10 % of Fetal Bovine Serum (FBS) (Fisher) and 1 % of penicillin/ streptomycin (P/S).
The circular samples and glass covers used as control were placed in a 48-well cell culture polystyrene plate, and 4 9 10 3 cells were added to each sample and incubated at 37°C in a 95 % humidified air containing 5 % CO 2 . For the in vitro assays, circular PVDF and PVDF composite films and fibers (Table 1 ) with 10 mm of diameter were cut from the prepared samples, sterilized by immersing several times in sterile phosphate-buffered saline solution (PBS) and exposed to ultraviolet light for 2 h.
MTT assay
For the quantification of cell viability, MTT assays (3-(4, 5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT, from Sigma-Aldrich) were performed after 1 and 3 days. Four measurements were performed for each sample. After 1 and 3 days, the cell/films were transferred to new wells, and fresh medium containing MTT was added. After 3 h of incubation, the MTT crystals were dissolved; 100 lL of each well were transferred in triplicate to a 96-well plate, and the optical density was measured at 570 nm using a plate reader.
Results and discussion
Morphological features
It has been shown that electrospining parameters such as polymer feed rate, needle diameter, or applied electric field (within the range of processability) do not affect significantly PVDF polymer fiber characteristics such as fiber diameter, crystalline phase, or degree of crystallinity [23] . The introduction of zeolites within the polymer matrix can change this situation due to the variation of the solution characteristics. Fibers of PVDF with 0, 4, 16, and 32 wt% of NaY zeolite were thus prepared. Among the parameters that may affect fiber morphology and properties, the present work focuses on the effect of applied electric field, needle inner diameter, feed rate, and collecting procedure (static or dynamic), as well as on the effects of NaY concentration in the polymeric solution. Thus, the effect of the applied electric field on the mean fiber diameter and average distribution was studied while keeping constant needle inner diameter (0.5 mm) and feed rate (2 mL h -1 ) by using a constant filler concentration of 4 %. The SEM images (Fig. 1) show that PVDF/NaY nanocomposites can be effectively electrospun at different electric fields into randomly oriented fiber meshes, with a smooth surface and without the presence of defects such as beads (Fig. 1) .
Changes in electrospun composite fiber diameter due to the effect of the applied electric field are modest, leading to an increase on the average diameter from *340 to 410 nm for an applied voltage of 1 and 1.75 kV cm -1 , respectively. This increase is mainly associated to a broader distribution of the fiber distribution (see histograms in Fig. 1 ) due to increased jet instability associated to the increase of the applied electric field.
Increasing needle's inner diameter for the same composite influences in a similar way electrospun fiber diameter and distribution (data not shown): needles with diameters of 0.5, 1, and 1.7 mm result in a light increase of broader fiber distribution with constant average fiber diameters of *400. Again, this effect is attributed to a decrease of the uniformity of the electric field distribution on the increasing droplets.
The influence of the polymer feed rate was also investigated keeping constant applied electric field (1.25 kV cm -1 ), needle inner diameter (0.5 mm), and zeolite content (4 %) in the solution. As the polymer feed rate increases from 0.5 up to 8 mL h -1 , a small change in the overall electrospun fiber morphology was detected (data not shown): increasing polymer feed rate leads to an increase on fiber average diameter from 0.39 to 0.62 lm and to a broader distribution of fiber diameters. As more solution is available for electrospinning at a given electric field, lower stretching forces and less effective solvent evaporation are involved during the process. Further, for polymer feed rates higher than 8 mL h -1 , a larger amount of beads was observed. The more significant effect on the fiber characteristics is to be obtained with the variation of zeolite content within the polymer solution (Fig. 2) . The influence of NaY zeolite content in the polymer solution was studied keeping constant polymer feed rate, needle inner diameter, and applied electric field. Smooth polymer fibers without beads were generally obtained. However, as the zeolite content increases, some filler agglomerates are found within the fiber membranes. Those agglomerates are larger for higher zeolite contents (16 and 32 wt%) leading also to higher jet instability and broader fiber size distribution (Fig. 2) . Figure 2 shows representative SEM images of PVDF and PVDF/NaY composites with 4, 16, and 32 wt% filler content, together with the corresponding fiber diameter size distribution. The results shows an increase of the average fiber diameter size when compared to neat PVDF (*180 nm [23] ) and which is larger for increasing zeolite concentration to 4-16 wt%, being the average size 300 and 550 nm, respectively. However, when the filler content reaches the percentage of 32 %, the values of fiber diameter show a less uniform or even bimodal distribution with both thin and large fibers that result from the large agglomerates of NaY zeolite (Fig. 2) . This fact results in a lower average fiber size of 450 nm. Electrospun fiber mats were also effectively oriented using a rotating drum collector at 750 rpm. A representative image of the fiber composite with 16 wt% NaY zeolite content is represented in Fig. 3a .
Physical-chemical characteristics
Surface energy is intimately related with material wettability and surface tension and is one of the parameters governing membranes performance and, in particular, cell/ scaffold interactions [28] . Materials structures with moderate hydrophilicity generally show enhanced cell growth and higher biocompatibility [40] . Wettability of the different samples was assessed by static contact angle measurements as shown in Fig. 3 . Randomly oriented PVDF pristine membranes show a contact angle around 115°, characteristic of a hydrophobic behavior (Fig. 3) . With the incorporation of NaY into the polymeric matrix, the contact angle increases up to *128°for the sample with 4 wt% filler content, remaining practically constant for higher filler concentrations. The increase of the contact angle of the composite electrospun fiber meshes with respect to the values of pristine PVDF is ascribed to variations in fiber morphology, e.g., increased average fiber diameter, promoted by the presence of the filler. Moreover, and due to the hydrophilic nature of the zeolites [41] , it would be expected that the samples with higher amounts of NaY could provide a more hydrophilic behavior to the membrane rather than the hydrophobic one observed in Fig. 3b . This fact leads to conclude that the filler is wrapped by a polymer thin layer and does not allow the interaction between zeolite and water. Finally, oriented samples without and with 16 wt% NaY content revealed an increase of the water contact angle up to 133 ± 5°and 137 ± 6°, respectively, which is slightly higher than the one found for the randomly oriented fibers. These results support the idea that the increase of the hydrophobic behavior of the electrospun samples is mainly related to the changes in membrane overall roughness [29] . The same is shown by the PVDF films (PF), which hydrophilicity increases with increasing zeolite content, but the contact angle values are still much lower than for the fiber composites.
With respect to the PVDF crystalline phase, previous studies showed that electrospinning at low temperature or fast evaporation of the solvent favors the formation of the electroactive b-phase and that the increase of parameters such as stretching of the jet during the collection even increases the b-phase content [23, 42] . This b-phase crystallization occurs due to the combination of crystallization at temperatures below 60°C [5] and the stretching of PVDF polymer film [43] , which both lead to increased b-phase content.
On the other hand, it has been also shown that the introduction of NaY zeolite in melt crystallized PVDF films induces polymer crystallization in the c-phase due the presence of charges on the zeolite surface [15] .
FTIR spectra of the PVDF and PVDF/NaY nanocomposites produced in the form of films and fiber mats are shown in Fig. 4 . With respect to the fibers, the spectra are similar for the samples prepared with and without zeolites. Neither modes are totally suppressed nor do new ones appear due to the presence of the NaY filler in the polymer matrix. The characteristic absorption modes for the a-phase (855, 795 and 766 cm -1 ) are reduced, while the b-phase (840 cm -1 ) absorption modes appear, not being detected traces of the c-phase (776, 812, 833-838, and 1234 cm -1 modes) [8, 44] . This can be observed in Fig. 4 for the 0 and 4 wt% PVDF/NaY composites. On the other hand, the same polymer processed in the form of film crystalizes in the a-phase, showing the absorption characteristic modes of this phase at 855, 795, and 766 cm of zeolites on films prepared by melt processing induces their crystallization in the c-phase as can be observed by the absorption modes of 812, 833-838, and 1234 cm -1 , characteristic of this phase.
The quantitative evolution of the b-phase content of the electrospun samples was performed from the FTIR spectra following the procedure explained in [1] (Eq. 1):
where, F(b) represents the b-phase content; A a and A b the absorbance at 766 and 840 cm -1 , corresponding to the a and b-phase of the material; K a and K b are the absorption coefficients at the respective wavenumber. The values of K a and K b are 6.1 9 10 4 and 7.7 9 10 4 cm 2 mol -1 , respectively [1] .
It was observed that the applied electric field does not influence the amount of electroactive crystalline phase present in the material (Fig. 5a ) and that the electrospun samples crystallize with b-PVDF crystalline phase contents of 73-79 %, being the remaining crystalline phase in the non-polar a-PVDF. These results are similar to the ones obtained for pristine electrospun PVDF membranes [23] .
Similar behavior was found with respect to the effect of NaY concentration on the polymer solution (Fig. 5b) , and no significant variations of the b-phase content were detected with increasing filler content. Needle inner diameter and polymer feed rate variation do not influences also the crystallization of the electroactive polymer phase (data not shown).
The previous results show that the processing conditions of the composite overlap the effect of the filler with respect to the crystalline phase of the polymer present in the composite. The crystallization of the polymer film in the c-phase is achieved during a slow cooling process due to electrostatics interactions between the polymer and zeolite surface [15, 16] . When prepared by electrospining, the mechanical stretching of the charged jet and the fast solvent evaporation prevents the polymer to organize itself around the zeolite. The effect of NaY on polymer crystallization is, under these conditions, negligible, and the PVDF fibers crystallize in the b-phase with its ''all-trans'' planar zig-zag configuration. Figure 6 represents a scheme of this mechanism.
In order to determine possible modifications in thermal stability and melting behavior, DSC measurements were performed on electrospun PVDF and PVDF/NaY composite fiber membranes. DSC curves showed that all fiber samples show similar trend, regardless of the filler content, with a broader melting transition with a higher temperature peak and a lower temperature shoulder. The DSC curves for neat PVDF fiber mats and PVDF/NaY 4 wt% fiber composites mats are represented in Fig. 7a . The melting temperatures of the a and b-phases are similar and around 170°C [1] . In this way, DSC confirms the results obtained from FTIR. The shoulder appearing in all samples is associated to ill crystallization around the filler and the fast crystallization of the polymer that occurs during the electrospinning process, leading to more defective structures than in the film (Fig. 7 ) which melt at lower temperature: when the jet travels from the tip to the collector, polymer molecular chains are subjected to higher elongation rates, and partial crystallization occurs under this stretching before they are immobilized in the collector, where the final solvent evaporation occurs.
With respect to the PVDF film and PVDF/NaY composites films (Fig. 7) , the neat polymer crystallizes around 170°C as expected for a-phase, while the introduction of NaY results on a shift of the DSC peak to higher values, due the crystallization in the c-phase [16] . The degree of crystallinity (DX c ) of the membranes was determined from the DSC data using Eq. 2:
where, DH s is the melting enthalpy of the sample under consideration; DH a and DH b are the melting enthalpies of a 100 % crystalline sample in the a and b-phase, respectively, and x and y are the amount of the a and b-phase present in the sample, respectively. A value of 93.07 and 103.4 J g -1 was used for the DH a and DH b , respectively, and x and y were obtained from the FTIR measurements as explained above [45] .
Comparing pristine electrospun PVDF with PVDF/NaY fiber membranes, no significant changes were detected on the degree of crystallinity, independently of the processing conditions, and NaY concentration, Fig. 7b .
Finally, it was observed that the electrospinning processing parameters studied in the present work (needle inner diameter, NaY concentration or polymer feed rate) do not influence polymer degree of crystallinity (data not shown), which is in accordance to findings reported in [23] for pristine electrospun PVDF.
Cell viability
Finally, despite the cell viability has been proven in the composite films [21] , it is important to test this issue on the electrospun membranes as the different preparation conditions, in particular the different solvent evaporation conditions (a) (b) Fig. 7 a DSC curves for electrospun PVDF and PVDF/NaY membranes and films processed with 4 wt% NaY filler concentration and b effect of the applied electric field on the degree of crystallinity of the PVDF/NaY fiber mats that could lead, for example, to solvent encapsulation in the zeolite fillers, could inhibit cell viability. Figure 8 shows the viability of the attached MC3T3-E1 cells on PVDF polymer and polymer composite films and membranes after 72 h days of cell culture. For the first 72 h days, it is observed that the PVDF composite samples do not inhibit cell adhesion and promote cell proliferation. So, this PVDF composite renders attractive possibilities for biological and biomedical applications, such as drug delivery [46] , cell culture [46] , and antibacterial functions [47] , among others.
Conclusions
In this work, composites of PVDF with different NaY zeolite filler contents were prepared in the fiber and film form by electrospining and melt crystallization, respectively. Electrospun fiber average diameter slightly varies with the applied electric field, inner diameter and polymer feed rate, the increase of these parameters resulting mainly in a broader distribution of the fiber diameter. In turn, the variation of NaY filler content results in an increase of the average fiber diameter from 180 (for neat PVDF) to 300 and 550 nm for the 4 and 16 wt% composite samples, respectively. Further, a broader distribution with both thin and large fibers is obtained for the samples with 32 wt% zeolite content. Furthermore, the contact angle of fibers increases from 115°to *130°for the composite samples, independently of the filler content, mainly due to fiber morphology variations. Oriented composite samples lead to a further increase of the water contact angle, confirming that the hydrophobicity of samples is basically related to changes in membrane overall roughness. Electrospun composites crystallize in the electroactive b-phase of PVDF, independently of the zeolite content, similarly to the neat polymer, but contrary to what are observed in PVDF films, were the presence of zeolite particles induces polymer crystallization in the electroactive c-phase. Finally, attached MC3T3-E1 cells on PVDF membranes show viability after 72 h, making these materials suitable for tissue engineering and other biomedical applications.
